There are two transcription start sites in the growthassociated protein 43 (GAP-43) promoter, and several repressive elements have been reported in the control region. But the repressive effects have been analyzed only for the distal transcription start site. Among the repressive elements reported, we found that modulator I repressed GAP-43 gene expression from the proximal promoter in non-neuronal cells. We also found a novel stimulative element immediately downstream of modulator I.
Growth-associated protein 43 (GAP-43) is a neuronal phosphoprotein critical to the establishment of axonal outgrowth during the initiation and remodeling of neural connections. 1) Previous studies have suggested that the expression of GAP-43 is controlled at the level of transcriptional initiation and mRNA stability. 1, 2) Transcriptional regulation of the GAP-43 gene involves multiple regulatory elements, and the region spanning about 1,000 bp upstream of the protein coding region confers a strong preference for neuronal expression. 3, 4) This region contains two potential promoters: a TATAless promoter proximal to the protein-coding region and a more distal promoter that contains CCAAT and TATA box consensus sequences. A major transcript has been thought to start from the proximal site according to results of Northern blotting. 5, 6) Until now, two repressive regions (modulators I and II) and one repressive element have been reported within the promoter-enhancer region. 3, 7) In a previous study, Nevidi et al. and Joseph et al. identified the repressive effects of these modulators only on the distal promoter, probably for simplification, although the major transcript appears to start from the proximal one. 6) They also reported that the repressive effects of modulators I and II on the distal promoter are not additive, and that each modulator inhibits the other's repressive function. Hence, the physiological importance of modulators is still obscure. In addition, recent reports have suggested that the neuronal specificity of the proximal promoter is caused by the presence of the consensus sequence CANNTG, called an E-box, 8, 9) and that a basic helix-loop-helix differentiation factor, Nex1/MATH-2, activates the GAP-43 gene through binding to the E-box.
Since the GAP-43 transcriptional control region has a complex structure and the results so far reported are controversial, we studied the function of the region containing modulator I extensively by a combination of deletion mutants and luciferase reporter assay.
The GAP-43 control region spanning 1,155 bp upstream of the ATG start codon was amplified by PCR and cloned into the pGL3-basic plasmid (Promega, Madison, WI). Various mutants in the GAP-43 control region were produced using a PCR technique. P19 cells were neuroectodermally differentiated by the addition of 500 nM retinoic acid (RA), as described previously. 10) Reporter gene assays were performed with a dual luciferase assay kit (Promega). Chromatin immunoprecipitation (ChIP) assay was performed using salmon sperm DNA-conjugated protein A agarose (Upstate Cell Signaling Solutions, Charlottesville, VA). For the ChIP assay, anti-TBP and anti-PolII antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and 2 mg of antibodies were used in each reaction. The immunoprecipitated DNA and the input DNA were analyzed by PCR using primers for the GAP-43 distal promoter (direct, 5 0 -TAACTTATGTGCACCTCTAGG-3 0 ; reverse, 5 0 -TCCTCCACTCCCCACCCAA-3 0 ) and for the proximal promoter (direct, 5 0 -CGTGTGCGG-TGAGCAATAGC-3 0 ; reverse, 5 0 -CTCGCTTGCTCA-CTCGCTCT-3 0 ).
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We cloned the 1.2 kb control region of the GAP-43 gene containing both proximal and distal promoters from the mouse genome by PCR and constructed various 5 0 -deletion mutants (Fig. 1A) . Luciferase reporter assays showed that the 1.2 kb fragment (À1;155) exhibited significant transcriptional activity in differentiated P19 cells and that extremely low levels of activation was observed in non-treated P19 and non-neural C33A cells (lanes 2, 9, and 13 in Fig. 1B ). On the other hand, a 5 0 -deletion mutant (À769) lacking modulator I showed remarkable transcriptional activity even in the undifferentiated cells (lanes 3, 10, and 14 in Fig. 1B ). Since the activity of the deletion mutant (À769) did not show any profound difference to that of the 1.2 kb fragment in differentiated P19 cells (lanes 13 and 14 in Fig. 1B ), this region (À1;155 to À769) containing modulator I appeared to play important roles in developmental regulation, such as repression in undifferentiated or non-neural cells. Induced transcription was dramatically abolished by further deletion to À636 in all cell types containing differentiated P19 (lanes 4, 11, and 15 in Fig. 1B) . These results mean that the region just downstream of modulator I (À769 to À636) contained a positive regulatory element. The loss of transcriptional activity with this deletion in differentiated P19 cells indicates that a positive regulator might be required for expression of the GAP-43 gene in neurons as well as the other cell types.
Since the inhibitory effect of modulator I did not greatly change in the deletion mutants of the distal GT, GT rich region. GA, GA rich region. Newly identified repressive and stimulative regions in this study are indicated by broken lines. CAAT, TATA, and E boxes are shown by grey, white, and black boxes respectively. B, Deletion analyses of the GAP-43 control region. Luciferase activities of the respective deletion constructs in C33A, and undifferentiated and differentiated P19 cells are shown. pGL3-basic vector was used as a control and the value of the basic vector was expressed as 1. C, Binding of TBP and RNA polymerase II to the GAP-43 promoters in differentiated and undifferentiated P19 cells. The precipitated DNAs were amplified by PCR (29 cycles). As negative controls, samples precipitated with anti-IgG were used.
promoter (lanes 2, 6 and 3, 7 in Fig. 1B) , modulator I appears to inhibit RNA synthesis from the proximal promoter. The importance of the proximal promoter was also confirmed by ChIP assay. As shown in Fig. 1C , RNA polymerase II and TATA binding protein (TBP) were detected in both proximal and distal promoter regions only in differentiated P19 cells, but the binding appeared to be much stronger to the proximal promoter region. Several recent reports have suggested that TBP can bind to TATA-less promoters. 11, 12) In fact, deletion of the TATA box of the GAP-43 promoter did not show any significant influence on its transcription (lanes 3 and 7 in Fig. 1B) . Therefore, it appears reasonable that TBP was detected mainly in the proximal promoter, from which the major transcript starts.
We studied modulator I further using mutant constructs deleted in various parts of the repressive region to identify functional elements in detail (Fig. 1A) . Modulator I contains a GT-rich region (À945 to À921), which can form a Z-form DNA structure. Zform structure has been reported to affect transcription of the CSF1 promoter.
13) Hence, we first studied the effect of the GT-rich region on the repressive function of modulator I, but deletion of the GT-rich region (À1;155 to À920) did not show any effect on repression (lanes 2 and 12 in Fig. 2) . Deletion in the remaining part of modulator I (À920 to À772) also did not show any effects (lane 3 and 13 in Fig. 2 ), but deletion in both the GT-rich region and a part of modulator I (À822 to À772) restored transcriptional activity (lanes 5, 6, 15, and 16 in Fig. 2 ). The region (À822 to À772) has been reported to contain sequences conserved in several neuron-specific genes, although the function of the sequences is still unknown.
3) These results suggest that both elements within the region contributed to repression in non-neuronal cells. The previously reported repressive element (À568 to À531) 7) and modulator II containing the GA-repeat did not show repressive function in the plasmid constructs including the proximal promoter (lanes 24, 25, 29, and 30 in Fig. 2) , although the function could be confirmed only for the distal promoter, as reported previously. 3, 7) To analyze the newly identified positive regulatory element which resided just downstream of modulator I, we also constructed several deletion mutants to identify the important region (Fig. 1A) . By progressive 5 0 -deletion, transcriptional activity decreased (lanes 7-10, 17-20, and 33-37 in Fig. 2 ). This result indicates that a positive regulator existed between À769 and À676. This region might contribute to sufficient expression of the GAP-43 gene. In this region, two putative binding sequences for Cdx1 or Cdx2 were detected. A previous study reported that expression of both Cdx1 and GAP-43 was induced in RA-stimulated differentiation of F9 cells. 14) It is thus possible that the Cdx transcription factor can activate the GAP-43 gene through this positive regulatory sequence, although these factors are known to be gut-specific transcription factors, and it is still obscure whether Cdx functions in neural differentiation.
It has been reported that E1 and E2 boxes exist in the proximal promoter region and that the binding of Nex1/ MATH-2 to these sites is a major control mechanism of neuron-specific expression. 8) Since even differentiated P19 cells expressed low levels of Nex1/MATH-2 (Fig. 2) , we performed luciferase reporter assays with undifferentiated and differentiated P19 cells transfected with both the reporter and the Nex1/MATH-2 expression plasmids. As shown in Fig. 2 (lanes 21-30) , luciferase activity increased at most 2-fold in any construct in both differentiated and undifferentiated P19 cells. The luciferase activity of the plasmid construct (À238) containing E1 and E2 boxes was about one third of that exhibited by plasmid containing the activator region even in Nex1/MATH-2 expressing differentiated P19 cells (lanes 28 and 30 in Fig. 2 ). This result suggests that the activator region residing just downstream of modulator I had profound effects on the expression of GAP-43. Previous reports have indicated that the GAP-43 promoter containing only the downstream region of the E1 box shows just a basal level of transcriptional activity. 8, 9) In conclusion, we found a non-neuronal cell-specific repressive function of modulator I and a putative activation domain just downstream of modulator I. The positive regulatory domain appeared to be required for full expression of the GAP-43 gene in neurons.
